As the size scale of device features becomes ever smaller, conventional lithographic processes become increasingly more difficult and expensive, especially at a minimum feature size of less than 45 nm. Consequently, to achieve higher-density circuits, storage devices, or displays, it is evident that alternative routes need to be developed to circumvent both cost and manufacturing issues.
Introduction
To meet the increasing demand for smaller, faster microfabricated devices, a continued decrease in the feature size of device components is required. The semiconductor industry, however, is rapidly approaching a hard stop in the continued drive to meet Moore's law as lithographic processes reach technological and cost limitations.
The inherent limitation of light used to pattern features on surfaces and the cost of production lithographic tools are daunting obstacles. Even still, the semiconductor industry has made incredible advances in achieving features less than 90 nm in size. For traditional optical systems, further decreasing the size scale of features may not be economically viable. X-ray and electron-beam lithographic processes do not face wavelength limitations. Both processes have proven to be impractical in a production setting.
Other processes, like nanoimprint lithography, where one mechanically patterns a surface with a master, can lead to features on the tens of nanometers scale and hold promise, but are still in the research stage. An alternative approach is the use of self-assembly to generate regular patterns of nanoscopic features and combine this with standard photolithographic processes to produce nanoscopic elements. This combination of a "bottomup" self-assembly strategy with traditional "top-down" microelectronic approaches is a grand challenge with many unanswered questions. As a result, it is fundamentally important to address whether such approaches are feasible. Can self-assembly processes be seamlessly integrated into existing fabrication processes? Is it possible to bias the three-dimensional selfassembly of nanostructured elements into fabrication processes where the assemblies are rapid, robust, and inexpensive, with a large processing window? In this review, these issues are discussed and block copolymers are shown to be versatile materials that provide an avenue for overcoming the challenges of sub-45-nm feature sizes and producing devices that can outpace Moore's law. [1] [2] Block copolymers comprise two chemically dissimilar polymer chains that are covalently linked together at one end. Owing to the low entropy of mixing, polymer blends are, in general, immiscible and macroscopically phase-separate. However, with block copolymers, due to the connectivity of the two chains, phase separation is limited to the dimensions of the copolymer chain, ϳ5-20 nm in size. Upon heating, amorphous block copolymers comprising blocks such as polystyrene (PS), poly(methyl methacrylate) (PMMA), poly(ethylene-alt-propylene) (PEP), or poly(vinylpyridine) (PVP) will selfassemble into arrays of nanoscopic domains, historically called microdomains. Numerous laboratories have investigated the phase behavior of block copolymers in the bulk. [3] [4] [5] [6] The volume fraction of the components, the rigidity of the segments in each block, the strength of the interactions between the segments, and the molecular weight contribute to the size, shape, and ordering of the microdomains. Morphologies ranging from spherical to cylindrical to bicontinuous gyroid to lamellar, as shown in Figure 1 , can be obtained by varying these parameters.
In addition to the simple linear diblock copolymers, there are multiblock copolymers and block copolymers having different architectures of the chains, as, for example, with comb-type and star block copolymers, where chain configuration, packing constraints, and interfacial curvature influence the morphology. The versatility of block copolymers can be appreciated when one considers that the chemistry of the individual blocks can be tailored to perform a specific function, for example, chemical reactivity, biological activity, conductivity, or degradability. The diversity in synthetic strategies in preparing block copolymers opens a plethora of applications where block copolymers can be used.
While much is known about the bulk behavior of block copolymers, the number of applications that have emerged that fully exploit their self-assembled morphologies is limited. However, in thin films, if the orientation and lateral ordering of the microdomains can be controlled and methods developed to bias the lattices of the arrays of microdomains, then block copolymers have the potential to become a standard tool in the fabrication of nanostructured devices.
The parameters that underpin the morphology in thin films of block copolymers include the segmental interactions between the components, the rigidity of each block, the surface energies of the components, and the interactions of the blocks with the underlying substrate. In general, preferential interactions of one block with the substrate or a lower surface energy of one component will force a segregation of one block to either the surface or the substrate. [7] [8] [9] The connectivity of the blocks forces an orientation of the microdomains parallel to the substrate. While this is desirable for some applications, other applications require that the microdomains be oriented normal to the surface. In the absence of any surface modification, an external field will normally be required to overcome these preferential interactions. Electric fields, which operate on the differences in the dielectric constants of the microdomains, or solvents, where the dilution of each component mediates interfacial interactions, have been used with great success in orienting the microdomains normal to the film surface. [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] Alternatively, as will be discussed later, surfaces can be chemically modified to control the interfacial interactions of the blocks with the interfaces, removing any preferential affinity of the blocks. [26] [27] [28] Balanced interfacial interactions, while necessary, are not sufficient, since both orientations satisfy this boundary constraint. In the case where the film thickness is not commensurate with the natural period of the copolymer, a difficult task to achieve under normal spin-coating conditions, then only an orientation of the microdomains normal to the film surface will minimize the energy of the copolymer. [29] [30] The segmental interactions, surface energies, and rigidity of the segments are dictated by the chemical nature of the chain and, as such, are not subject to change. However, by slightly modifying one of the blocks by the random placement of a second unit along the chain, small changes in the surface energies, segmental interactions, and rigidity can be made without sacrificing the overall microphase-separated characteristic of the block copolymer. This underscores the synthetic versatility in designing and tailoring block copolymers to control the morphology in thin films.
For essentially all synthetic polymer systems, one inevitably faces the issue of polydispersity, that is, the distribution of molecular weight obtained in the synthesis. In the case of a block copolymer, the polydispersities of the two blocks can also lead to a distribution in the volume fraction of the components from one chain to the next. This may have deleterious consequences in the definition of the microphaseseparated morphology, since the volume fraction of the components will influence the curvature required to pack chains at the interface between the microdomains. Until recently, achieving narrow molecularweight distributions required the use of anionic procedures that are time-consuming, expensive, and not tolerant to many functional groups. This precludes the use of block copolymers in an industrial process. Recently, this has changed with the advent of living radical [31] [32] [33] processes, such as nitroxide-mediated [34] [35] [36] and atom-transfer polymerization processes, [37] [38] where narrow-molecular-weight-distribution homopolymers and random and block copolymers can be prepared inexpensively and in large quantities. Living radical polymerization permits control of molecular weights and architecture with associated low polydispersities, as typically found in living systems; traditional free radical processes, in contrast, are subject to early chain termination leading to polydisperse samples and poor control over molecular weights and architecture. These developments 39 have greatly enabled the use of block copolymers in an industrial setting.
Orientation
Key to the use of block copolymers for the fabrication of nanostructured materials is controlling the orientation and lateral order of the microdomains in thin films. In the case of spherical microdomains, where orientation is not relevant, the interactions of the two blocks with the substrate and surface dictate the morphology. This allows 10 11 elements per square centimeter, with or without longrange order, to be obtained, which permits a large number of applications to be examined. With an A-B diblock copolymer containing spherical microdomains of B, these high lateral densities are easily achieved simply by annealing a thin, spincoated film of the copolymer. The preferential interactions of the blocks with the substrate and the surface energies of the blocks dictate the thickness of the film, so that a single layer of spherical microdomains can be obtained. [40] [41] [42] If, as discussed subsequently, the B block can be selectively removed, a high-density nanoporous template will result.
The situation becomes more complex when the microdomains are anisotropic in shape, as is the case with cylindrical or lamellar microdomains, since interactions of the blocks with the interfaces (substrate and air) cause a preferential orientation of the microdomains. For an A-B diblock copolymer with cylindrical microdomains Block Copolymer Lithography: Merging "Bottom-Up" with "Top-Down" Processes of B, a single layer of the cylindrical microdomains can easily be obtained by spin-coating a film of a specific thickness, followed by thermal annealing, and the preferential interactions of either block with the interfaces will produce the desired result. 27,43 -45 However, in this case, there will be no long-range order, and grains of locally ordered cylindrical microdomains will be obtained. A biasing of the in-plane orientation of the microdomains can overcome this shortcoming. The more technologically relevant orientation-microdomains oriented normal to the film surface-requires that the interfacial interactions of the A and B block be balanced. 43 This requires surface modification, and the simplest example of this is a spin-coated film of a diblock copolymer of PS and PMMA (PS-b-PMMA) having cylindrical microdomains of PMMA. Due to the preferential interactions of PMMA with the substrate, the cylinders orient parallel to the surface. However, by removing the oxide layer with buffered HF, leaving silane units on the surface, the interactions of the substrate with PS and PMMA are equally non-favorable, and the cylindrical microdomains orient normal to the surface upon thermal annealing. 44 An alternative approach is to modify the surface by chemically attaching specific functional groups to the surface. In the case of a gold surface, for example, end-functionalized thiol units can be assembled on the surface [45] [46] and, in the case of an oxide surface, either mono-or trichlorosilanes can be used to the same end. [47] [48] In both cases, a dense assembly of alkane chains or functionalized alkanes is presented to the block copolymers. In most cases, a mixed assembly of functional groups has to be used to balance interfacial interactions with the blocks.
This can be problematic, though, if the functional groups are immiscible. Several years ago, an alternative approach was developed where an end-functionalized random copolymer is anchored to the surface. 26 By removal of the non-attached chains, the surface is now a brush of a random copolymer, where the composition of the random copolymer can be varied in the synthesis and, by nitroxide-mediated synthetic routes, narrow molecularweight distributions of the brush length can be obtained. A block copolymer film spin-coated onto such a brush will penetrate into the brush, which promotes adhesion, and, since the length scale of heterogeneities in the random copolymer is on the segmental level, an order of magnitude or two smaller than the size of the copolymer microdomains, the blocks of the copolymer experience an average interaction field with the brush. By finetuning the composition of the random copolymer, the interactions of the blocks with the modified substrate can be balanced, and consequently, the microdomains will orient normal to the surface. This surface modification has proven to be exceptionally robust and easily applied to very large surfaces.
Shown in Figure 2 is an example of a spin-coated film of PS-b-PMMA, having cylindrical microdomains of PMMA, on a modified surface, and the oriented microdomains that are formed on heating. However, this surface-modification process is restricted to homogeneous oxide surfaces, which presents some limitations, especially when commercial applications are considered.
It is, of course, desirable to have a process that is independent of the substrate and not restricted to homogeneous surfaces. Recently, a surface-modification process was developed that is much more widely applicable. In particular, a random copolymer was prepared in which some of the segments contained units that can be thermally cross-linked (although this applies equally well to units that can be chemically or photolytically crosslinked). 49 By spin-coating and cross- linking a random copolymer with a specific chemical composition, a robust surface is obtained that is a cross-linked ultrathin layer of the random copolymer. The interfacial interactions are therefore dictated by the average composition of the crosslinked random copolymer film. The chemistries associated with this random copolymer are shown in Scheme I. The cross-linked random copolymer is insoluble, although it can be swollen to different degrees depending on the cross-link density, which significantly enhances the processing window. Consequently, a block copolymer film has some penetration into this underlying layer, which promotes adhesion, and the interfacial interactions will be dictated by the average composition of the random copolymer. Equally important is the fact that this process is applicable to virtually any solid surface, and the substrate can be flexible or rigid, homogeneous or heterogeneous. This approach has been used successfully on gold, aluminum, silicon oxide, and polymers-e.g., Mylar (PET) and Kapton (polyimide)-surfaces. Examples using this cross-linked random copolymer approach on gold and silicon oxide surfaces are shown in Figure 3 .
Controlling and manipulating the interfacial interactions provide a simple, passive route to manipulating the orientation of copolymer microdomains in thin films. However, the thickness of the block copolymer film where such control can be achieved is still limited. Provided that the surface energies of the blocks are not too different, oriented microdomains can be obtained in films approximately one period in thickness, ϳ40 nm.
In addition to balanced interfacial interactions, the commensurability between film thickness and copolymer period is critical in orienting the microdomains of the copolymer normal to the surface. [29] [30] This condition was exploited by Mayes and co-workers, where, using surfaces with a periodic topography, an exquisite periodic variation in the orientation of the microdomain morphology was achieved. 50 Later, Sivaniah used rough surfaces to produce the same effect. 51 With much thicker films, the orientation is lost and the microdomains assume a random orientation. Several routes have been developed to overcome this limitation. By adding a small amount of homopolymer that is miscible with the minor component block and has a molecular weight higher than the minor component, confinement of the homopolymer to the cylindrical microdomain causes an extension of the homopolymer along the axis of the cylinder. The extended homopolymer acts like a molecular reinforcing agent and induces an orientation of the microdomains over very large distances away from the surface. For example, if PS-b-PMMA is mixed with a small amount of higher-molecular-weight PMMA, persistence of the orientation over large distances can be achieved, 52 as shown in Figure 4 .
Alternatively, one can use external fields to force the orientation of the microdomains in a specific direction. Electric fields have been used to great advantage, as for example in the case of PS-b-PMMA, where the difference in the dielectric constants of the microdomains can be used to achieve orientation. 14, [16] [17] Several years ago, Libera and coworkers [21] [22] discovered that solvent evaporation can be used to induce order and orientation of block copolymer microdomains. More recently, Russell and co-workers [23] [24] [25] and Krausch and coworkers 53-54 refined this approach to gain exquisite control over the orientation and ordering of microdomains in thin block copolymer films. The power of this technique can be better appreciated if a block copolymer film that is highly swollen with a good solvent for both blocks is considered. This can be obtained by solutioncasting a film or swelling a solid film on a surface. If the concentration of the solvent in the film is high enough, microphase separation is lost and the solubilized copolymer segments mix throughout the film. If the solvent is allowed to evaporate, a gradient in the solvent concentration into the film is obtained, with the concentration of the solvent at the air surface being lowest.
With continued solvent evaporation, the concentration of the solvent at the surface decreases to a point where the block copolymer microphase-separates. If the blocks are highly immiscible, as is the case with PS-b-PEO, then microphase separation occurs at relatively high solvent concentrations at the surface first, and there is substantial mobility of the segments. The presence of the solvent mediates the surface energies of the blocks, and as such, both blocks are located at the surface; a lateral microphase separation occurs only at the surface, and the remainder of the film is disordered. Defects in the lateral ordering of the microdomains, which are energetically costly, are rapidly removed, since the chains are mobile. This produces an array of microdomains at the surface having long-range order.
With further solvent evaporation, an ordering front moves into the film, and the block copolymer microphaseseparates, but the microphase separation is templated on the existing microphaseseparated morphology at the surface. With time, the front propagates through the entire film, producing a highly oriented, highly ordered, microphase-separated morphology. In the case of a cylindrical microdomain morphology, one is left with an ordered array of nanoscopic cylinders that penetrate through the entire film.
A scanning force microscopy image of the lateral order achievable by this means is shown in Figure 5 . This process is independent of the substrate, but is strongly dependent on the quality of the solvent and the rate of solvent evaporation. In addition, heating the film so that both blocks are molten will cause the microdomains to 49 ) Block Copolymer Lithography: Merging "Bottom-Up" with "Top-Down" Processes reorient parallel to the film surface, due to preferential interactions of the blocks with the interfaces. Removal of the minor component block leaves a high-aspect-ratio nanoporous film that can be used as a template or scaffold for device fabrication.
Along similar lines, Ober and coworkers, [55] [56] using poly(α-methylstyrene)-bpoly(4-hydroxystyrene) (PMS-b-PHOST), were able to obtain highly oriented arrays of cylindrical PHOST microdomains by spin-coating films from propylene glycol methyl ether acetate (PGMEA). The truly remarkable result in these studies is that the orientation of the microdomains was achieved very rapidly, without further annealing, directly from spin-coating. Within seconds, a highly oriented template is obtained that is ideally suited for subsequent lithography to produce nanoporous films.
Lateral Order
For many applications, a long-range ordering of nanoscopic elements or pores is not essential, and achieving control over the orientation is sufficient. For example, using highly oriented arrays of pores for separations applications is not necessary. In display applications, the size of the individual elements is well beyond optical resolution; in block copolymer scaffolds, only the lateral density and size of the elements are critical. However, for other device applications where addressability is desired, as in magnetic storage applications, both the orientation and lateral ordering of the microdomains are important. In addition, having some sort of externally addressable marker that biases the ordering of the lattices or directs formation into clusters of highly ordered arrays may be essential for device applications.
There has been much progress made by numerous research groups along these lines, with exceptional lateral ordering in arrays of single layers of spherical micro- domains being achieved in the pioneering efforts of Chaikin, Register, and coworkers [57] [58] [59] and Kramer and coworkers. [60] [61] [62] By thermal annealing, very highly ordered arrays of spherical microdomains have been obtained. Upon solventcasting or spin-coating, small grains of hexagonally packed spherical microdomains, randomly oriented on the surface, are obtained initially. As mentioned earlier, defects and grain boundaries are energetically costly and, upon thermal annealing, the domains grow in size, eventually producing highly ordered arrays with minimal defects that extend over many square micrometers across the surface. These groups have also developed the analytic means by which the extent and perfection of ordering and both spatial and angular defects in the lattices of the elements can be quantitatively addressed. 58, 63 A beautiful example from the work of Kramer and co-workers is shown in Figure 6 . Graphoepitaxy, which uses topographic features on the surfaces, simple edges, or well-defined troughs to bias the lattice orientation of the copolymer microdomains, has been used to bias the orientation of the hexagonal lattices by Kramer and co-workers 60 and Thomas and co-workers, 63 opening the possibility of sectoring surfaces into areas of highly ordered microdomains. Ross and coworkers [64] [65] [66] coupled this lateral confinement of the microdomains with selectively placed defects in the confining walls to periodically perturb the packing of the microdomains.
Graphoepitaxy has also been used by Sibener and co-workers [67] [68] to confine polystyrene-block-poly(ethylene-altpropylene) (PS-b-PEP) having cylindrical microdomains of PEP. In this case, the topography-troughs etched in a silicon substrate-performed two important functions. First, the preferential interactions of the blocks with the substrate force an orientation of the cylindrical microdomains parallel to the surface; second, the preferential interactions of the copolymer with the walls of the troughs force an orientation of the microdomains parallel to the walls. Sibener et al.'s studies clearly showed the propagation of the ordering away from the walls of the troughs, eventually achieving a perfect lateral ordering of the microdomains within the troughs. Russell and co-workers [23] [24] combined the solventinduced orientation of the microdomains in PS-b-PEO diblock copolymers with the confinement of the hexagonally ordered arrays of cylinders within a series of parallel troughs etched in silicon, to produce arrays of hexagonally packed cylindrical microdomains, where the arrays in adjoining troughs were in orientational registry.
Recently, Chaikin, Register, and coworkers 69 demonstrated the use of shear to achieve exceptional lateral order in diblock copolymers of polystyrene-b-polyisoprene (PS-b-PI) containing cylindrical microdomains of PI. A film of cross-linked poly(dimethyl siloxane) was slowly drawn across the surface of a film containing a single layer of PI cylinders. The shear produced a highly oriented array of the cylinders with a lateral ordering that extended over many centimeters. Films containing such highly oriented and ordered arrays of cylinders are being developed as polarizers for visible and UV radiation. 70 Shearing forces were also used by Russell and co-workers, 71 where a solution of polystyrene-b-polybutadiene, PS-b-PBD, was allowed to flow down a silicon substrate. Upon evaporation of the solvent, a highly oriented and highly ordered hexagonal array of PBD cylinders oriented parallel to the substrate was obtained.
An epitaxial crystallization process has also been used by Thomas and co- Block Copolymer Lithography: Merging "Bottom-Up" with "Top-Down" Processes workers 63 to orient block copolymer thin films. For polyethylene-b-poly(ethylenealt-propylene)-b-polyethylene (PE-b-PEPb-PE) triblock copolymers on benzoic acid (BA) substrates, long-range order in these lamellar-forming copolymers can be achieved using this process. The epitaxial growth of the PE block on the BA crystals performed two functions simultaneously. First, the single-crystal nature of the BA substrate meant that the epitaxially grown PE in one microdomain would be in crystallographic registry with the PE epitaxially grown in another microdomain. In addition, the epitaxial growth forced the orientation of the microdomains normal to the film surface.
While surface patterning can be used to present a topography that biases the microphase separation of the copolymer, chemical patterning of the surfaces can also be exploited to guide and control the interfacial interactions. Rockford et al. [72] [73] and Krausch and co-workers 42 introduced this concept by placing gold stripes on cleaved silicon substrates. The line width and separation distance was varied and, in the case of PS-b-PMMA, the preferential interactions of PMMA with silicon oxide and PS with gold forced a lateral segregation of the microdomains on the surface. The commensurability of the natural period of the copolymer microdomains-in this case, lamellar microdomains-with the period on the surface, introduces constraints on the copolymer chains. If the surface period is too small or too large relative to the copolymer period, the microdomains orient parallel to the surface. When the periods are the same (to within about 10%), the copolymer microdomains orient normal to the surface. Nealey and co-workers beautifully extended this concept using soft x-rays to chemically pattern surfaces over large areas (on the order of cm 2 ) and were able to quantify these earlier results. 74 More importantly, they demonstrated a viable means by which this concept could be applied to a commercial process.
In a manufacturing environment, it is critical to also address non-symmetrical structures, and simple parallel lines on a surface are not practical. In working circuits, a variety of designs from parallel lines to right angles are required in the final chip architecture. With features on a nanoscopic level, though, such sharp angles introduce severe curvature constraints on the copolymer and, as in the grain boundaries of classic block copolymer morphologies, the microdomains of the copolymer cannot faithfully follow these features. Nealey and co-workers 75 overcame this shortcoming by using small amounts of homopolymer added to the copolymer, as shown in Figure 7 . In response to the curvature constraints, the homopolymer segregated to the areas of high curvature, alleviating strain on the copolymer, and as a consequence, the features could be reproduced with high fidelity. The success of this work raises the subtle but important issue of reproducibility and the rationale of placing copolymers on a surface that has already been patterned on the nanoscopic level using a lithographic technique. While much more work needs to be done, Nealey's work suggests that the copolymer microdomains can correct small defects in the patterning from the lithographic step and markedly improve the aspect ratio of the features for subsequent etching processes.
Template Fabrication
Just as important as generating a nanoscopically defined structure by block copolymer lithography is exploiting this nanostructure as a template in the fabrication of patterned substrates. Perhaps the simplest means of using block copolymers as nanoscopic templates is to use the structure generated by solution-casting thin films, allowing interfacial and solvent interactions to generate a periodic structure, and then chemically modifying the copolymer to impart a specific functionality.
Moeller and co-workers, 76 for example, used solvent-cast ultrathin films of poly(styrene) and poly(4-vinylpyridine) (PS-b-P4VP) to produce a periodic array of P4VP nanodots on silicon substrates. Exposing these arrays to auric acid, followed by a reduction of the pyridinium auride, produced a highly ordered array of gold nanodots.
Liu and co-workers, 77-79 using a block copolymer of PS and poly(2-cinnamoylethylmethacrylate) (PS-b-PCEMA), were able to produce highly oriented arrays of PCEMA cylinders that could be partially degraded by ozonolysis, yielding hydrophilic channels in a glassy PS matrix wherein flow through the cylindrical domains could be controlled by changing the pH.
Still further, Xu et al. 80 prepared thin films of PS-b-PMMA, containing cylindrical microdomains of PMMA, and by modifying interfacial interactions, were able to produce arrays of PMMA microdomains oriented normal to the surface that spanned the entire film thickness. By exposing these films to acetic acid, a preferential solvent for PMMA, the PMMA was solvated, while the glassy PS matrix was left intact. Upon drying, a film reconstruction was observed where pores were opened in the positions of the original PMMA cylinders as the PMMA within the pores was transferred to the surface. These reconstructed films have proven to be a viable template for pattern transfer to the underlying substrate.
Manners and co-workers 81 used spincoated block copolymer films of PS and poly(ferrocenylsilane) (PS-b-PFS) contain- ing cylindrical microdomains of PFS to produce arrays of PFS microdomains with exceptional order. By heating these films to 600ЊC, the PFS was converted to an iron oxide that, while not ferromagnetic under the conditions used, point to a potentially trivial means of generating magnetic media. These relatively simple processes underscore the versatility of block copolymers and the plethora of routes available in generating nanostructured materials.
In traditional photolithography, UV radiation is passed through a patterned mask, exposing an underlying photoresist that causes a chemical reaction and an associated difference in solubility between the exposed and unexposed regions. Subsequent washing removes part of the film to produce a positive or negative image. With block copolymers, on the other hand, the differences in the chemical composition of the blocks can be used to advantage. The microphase separation of block copolymers produces ordered arrays of microdomains that are nanometers to tens of nanometers in size. For discussion, we will focus on spherical or cylindrical microdomains.
By flood-exposing a block copolymer film to UV radiation or an electron beam, one of the components, usually the minor component block, can be degraded and removed, leaving behind a nanoporous film, where the size and shape of the pores are defined by the original morphology of the block copolymer. Alternatively, one can use chemical methods to selectively degrade and remove the minor component to produce the nanoporous film.
Some of the advantages of the block copolymer approach are (1) thermodynamics define the size and shape of the microdomains; (2) uniform films can be routinely prepared over large areas using spin-coating; (3) standard exposure processes can be used to develop the copolymer films; (4) in combination with standard exposure processes, a simple route is provided to pattern a substrate or media on multiple length scales simultaneously; (5) block copolymers can be prepared in large quantities and can be synthesized with tailored functionality; and (6) rapid, robust routes are available to generate long-range-ordered structures over large areas, opening avenues to advanced microelectronics and addressable media.
Since the block copolymer microdomains are nanoscopic, the amount of surface area produced in a nanoporous material is large, and considering the increase in energy due to surface energy, there is a strong driving force for the nanopores to collapse. It is therefore necessary to immobilize the matrix prior to removal of the minor component in order to prevent this collapse. 82 Cross-linking the polymer composing the matrix has been routinely used to this end. For example, exposing a polystyrene matrix to ozone or UV radiation will cross-link the polystyrene sufficiently to support the nanopores.
Recently, Hawker and co-workers [82] [83] prepared block copolymers with a crosslinkable monomer intentionally incorporated into one of the blocks. In particular, one block of the copolymer consisted of a random copolymer of styrene and vinylbenzocyclobutene, while the other block was a degradable block. This is shown in Scheme II. The pendant benzocyclobutene units, upon heating above ϳ170ЊC, will cross-link and immobilize the matrix. The elegance of this approach is that the styrene and vinylbenzocyclobutene are chemically similar, so the average segmental interactions are not markedly altered, the degree of cross-linking can be tailored by altering the fraction of benzocyclobutene in the styrene block, and if the minor component can be thermally degraded, a completely thermal process is possible.
Ordering of the matrix component or interactions between the segments can also be used to prevent pore collapse. [85] [86] [87] Whether the ordering is liquid-crystallinelike, as in the case of poly(imides), or crystalline, as in the case of poly(ethylene oxide), the ordered domains behave like cross-link junction points, preventing long-range motion of the polymer and consequently stabilizing the pores. If the glass-transition temperature (T g ) of the matrix is high relative to the processing temperature, nanopores can also be stabilized. However, during the degradation and removal of the minor component, there must be a clear pathway by which the degradation products can escape from the film. Otherwise, they will permeate through the matrix, causing a decrease in the T g and collapse of the pores.
The inherent morphology of block copolymers and the chemical dissimilarity
Scheme II. (a) Chemical schematic of PS-b-PLA where, in the PS block, there is a random incorporation of vinylbenzocyclobutene (BCB) to cross-link the PS block upon heating. (b) Diagram of the film and reactions. (After Leiston-Belanger et al.
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Block Copolymer Lithography: Merging "Bottom-Up" with "Top-Down" Processes of the blocks open still other routes for the use of these versatile materials. If we consider the block copolymer morphology as a scaffold in which to perform selective chemistries, numerous opportunities arise. For example, Brinker and co-workers, 88 Stuckey and co-workers, [89] [90] [91] [92] Wiesner and co-workers, [93] [94] [95] [96] and Hillmyer and coworkers [97] [98] have all used the microphaseseparated morphology as a scaffold for chemistries to generate inorganic templates. Selective dissolution of the reactants in the microdomains or the integration of reactants within the copolymer chains has allowed the conversion of the block copolymers to a porous ceramic, maintaining the domain structure of the original block copolymer. The pores reduce the density, refractive index, and dielectric properties by an amount commensurate with the pore volume fraction. The surface area generated within the nanoporous oxides can be used to enhance adsorption or serve as supports for catalysts.
Watkins and co-workers [99] [100] (see also the article by O'Neil and Watkins in this issue) used supercritical fluids (SCFs) to swell both microdomains in a triblock copolymer of poly(ethylene oxide)-bpoly(propylene oxide)-b-poly(ethylene oxide) (PEO-b-PPO-b-PEO). The swollen copolymer constitutes a heterogeneous fluid medium wherein chemistries can be selectively performed in each of the microdomains. Copolymer films mixed with p-toluene sulfonic acid (an acid catalyst) were spin-coated onto a silicon substrate, forming spherical microdomains of hydrophobic PPO. Tetraethyl orthosilicate (TEOS) was selectively infused into the hydrophilic SCF-swollen PEO matrix at 60ЊC and, upon heating in air at 400ЊC, TEOS was converted to silicon oxide and the PEO-b-PPO-b-PEO fully degraded. This leaves behind a silica replica of the original spherical microdomain morphology; the fidelity and high resolution of the replicated structure is shown in Figure 8 . Since TEOS was also mixed with the PEO, upon calcination the density of the silica matrix was lower than that of bulk silica. Consequently, porosity on multiple length scales was obtained simultaneously, yielding silica films with a dielectric constant of 2.1 and a hardness of 0.75 GPa. These materials are being considered for lowdielectric-constant applications in advanced microelectronics.
Template Transfer and Scaffolding
Perhaps the simplest case showing the power of block copolymer lithography (BCL) was demonstrated initially by Chaikin, Register, and co-workers. 41 Using a diblock copolymer of polystyrene (PS) and polyisoprene (PI) containing spherical microdomains of PI, a thin film of the copolymer was spin-coated onto a silicon nitride substrate to form a single layer of PI spherical microdomains. The preferential segregation of PI to the substrate and air surface (the surface energy of PI is much lower than PS) yields a thin layer of PI at both interfaces. This simple array of spherical PI microdomains, ϳ2 nm in diameter, was used as both a positive and negative resist, as shown schematically in Figure 9 . Ozonolysis of the film degrades the PI and cross-links the PS matrix, leaving a thin, cross-linked film of PS containing nanoscopic spherical cavities. With reactive ion etching, the film is uniformly etched until the ion beam encounters the spherical cavities. At the location of the cavities, the etching front is advanced by an amount that is commensurate with the size of the spherical cavities and the etching proceeds to the substrate. At the location of the spherical cavities, the ion beam begins to etch the substrate, and a pattern of holes that replicates the copolymer morphology is transferred to the silicon nitride with high fidelity.
If, on the other hand, the original copolymer film is stained with osmium tetroxide, a selective heavy-element stain for PI, then upon reactive ion etching, the etch front is retarded by the osmium; the etch front in the matrix encounters the substrate first, the matrix pattern is transferred, and an array of dots is formed. Consequently, by using one copolymer, both a hole and dot pattern can be generated on a substrate with an areal density of 1.3 × 10 11 elements per square centimeter. PS-b-PMMA diblock copolymers have received significant attention for the fabrication of nanostructured materials, since PMMA can be removed so readily using UV radiation. The first transfer of technology using PS-b-PMMA containing cylindrical microdomains of PMMA was by Black and Guarini [101] [102] in a flash memory application using copolymer templating processes developed by Hawker and Russell. Information can be stored by tunneling electrons from a source onto a gate. The tunneling of electrons through the insulating material between the source and gate will eventually degrade the insulator, causing an electrical short between the source and gate, leading to a failure of the device. However, if the gate is divided into a large number of small, isolated islands, then a short to one of these smaller gates will not cause a failure of the device. By spin-coating a thin film of PS-b-PMMA onto a silicon substrate, where interfacial interactions were balanced with P(S-r-MMA), a thin film was obtained containing cylindrical microdomains of PMMA oriented normal to the film surface. Exposure to UV radiation cross-links the PS, degrades the PMMA, and produces a PS film with an array of nanopores that penetrates through the film (as shown in Figure 2) . The film was etched with an SF 6 ion beam that transferred the pattern of the block copolymer template to the underlying silicon. The copolymer was removed; amorphous silicon was evaporated onto the surface and milled to produce silicon islands, 20 nm in diameter with a centerto-center distance of 30 nm, separated by silicon oxide. Consequently, the pattern of the copolymer is replicated by the silicon and silicon oxide. Each step of this process is fully compatible with industry standard technologies and has a high degree of fidelity. Perhaps the most severe criterion for the use of block copolymers for such applications is the ability to produce uniform films (ϳ40 nm in thickness) over surfaces that are 20 cm in diameter. This can easily be achieved using standard spincoating procedures.
Asakawa and co-workers 103 spin-coated films of PS-b-PMMA, having spherical microdomains of PMMA, onto silicon substrates. Using reactive ion etching, where PMMA is etched more rapidly than PS, arrays of holes in the underlying oxide were produced in the substrate, where the diameters of the holes could be manipulated by varying the molecular weight of the PS-b-PMMA. This pattern transfer technique can also be used with magnetic media; as shown by Schuller and coworkers, 104 copolymer templates from PSb-PMMA were used to produce isolated magnetic elements or porous magnetic films by reactive ion etching transfer processes. Asakawa and co-workers 105 and, later, Ross and co-workers, [68] [69] [70] 106 demonstrated the utility of the copolymer templates on surfaces with tracked grooves suitable for magnetic disk technology. Whether one uses PS-b-PMMA with spherical or cylindrical microdomains, the microdomain arrays are aligned by the walls of the grooves. Asakawa and coworkers 105 stamped the grooves into copolymer films that were spin-coated onto a magnetic cobalt platinum film. The microdomain morphology of the copolymer, aligned with the walls of the groove, was transferred to the underlying magnetic media with an oxygen plasma etch, relying on the difference in the etching rates of the PS and PMMA. The resulting structures are magnetic nanodots within the grooves of the disk that have significant potential as magnetic storage media.
An inspired example of the enabling aspect of template transfer using block copolymer is seen in the work of Zschech et al., 107 where a thin film of PS-b-PMMA containing cylindrical microdomains was spin-coated onto a silicon nitride/silicon bilayer. Removal of the PMMA microdomains with UV radiation, followed by an argon ion etch, transferred the template to the underlying silicon nitride and the lower silicon substrate, as shown in Figure 10 . Gold was thermally evaporated onto the surface, coating the remaining copolymer film on the surface and depositing gold onto the silicon. Since the re- Block Copolymer Lithography: Merging "Bottom-Up" with "Top-Down" Processes maining PS on the surface is brittle, only a gentle polish was necessary to remove the copolymer covered with gold. This left islands of gold at the base of silicon nitride wells, as shown in Figure 11 . Gold, of course, is very mobile, and by trapping the gold within the wells, lateral diffusion of the gold is prohibited. Since many applications for which gold nanodots are of interest require processing at elevated temperatures, the inhibition of the lateral diffusion was an important step in overcoming this limitation.
An advantage of the cylindrical microdomain morphology in block copolymers is the inherent high aspect ratio of the domains. For a 20-µm-thick film containing cylindrical microdomains that are 20 nm in diameter, an aspect ratio of 1000:1 is obtained. This has been used to advantage where, using an electric field, the cylindrical microdomains of PMMA were oriented normal to the surface in films that were as thick as 30 µm. The films were prepared on a conducting surface, which served as the lower electrode to align the microdomains. Upon removal of the PMMA microdomains, metals, including cobalt, lead, and iron, can be deposited within the nanopores by electrochemical methods. 108 Thus, an array of high-aspectratio nanowires was produced (as shown in Figure 12 ) where each wire is of uniform size and all the wires are insulated from each other. The diameter of the wires is dictated by the size of the microdomains, which is well defined by a minimum in the free energy. The isolation of the wires was assessed from magnetoresistance measurements. It should also be noted that multilayered wires can be produced by this process: the copolymer scaffold can be placed in different deposition baths so as to sequentially deposit different metals, leading to a layered composition of the wires in the copolymer film.
Nanoporous films from thin block copolymer films can also be used as templates for chemically modifying surfaces. Here, selective chemistries can be performed on the exposed surfaces and by removal of the copolymer template; one is left with a heterogeneous surface where the copolymer template dictates the aver- age size and shape of functional areas having a well-defined separation distance. Kim et al. [109] [110] exposed nanoporous PS films on a silicon oxide substrate to SiCl 4 and later to TiCl 4 . In the presence of small amounts of water, silicon oxide and titanium oxide nanodots were grown within the cylindrical pores, and after removal of the template, arrays of nanodots on the surface were produced. Tsai et al., 106-111 on the other hand, chemically modified surfaces at the base of the nanopores and, upon removal of the template, a heterogeneous, functionalized surface was produced. They extended this concept further by gradually adding PS and PMMA homopolymers to the PS-b-PMMA block copolymer as the solution was drawn across the surface. Upon solvent evaporation, the size scale of the domains gradually increased from the nanoscopic to the macroscopic with increasing homopolymer concentration. By removing the PMMA, the underlying silicon oxide substrate was exposed and chemically modified. Of particular interest in these studies was the influence of the size scale and separation distance of surface functionality on promoting the adhesion and spreading of fibroblasts.
An interesting, though obvious, use of the nanoporous films is filtration, where the pores can be used for size separation. As stated previously, the size of the pores can be varied by changing the molecular weight of the copolymer or by adding homopolymer to the minor component phase. In addition, since the pore size is dictated by the thermodynamics of the system, the pore diameter will be uniform across the entire film. The lateral density of pores in films prepared from block copolymers is nearly two times greater than that of aluminum oxide membranes and an order of magnitude greater than that of track-etched membranes. This translates into a higher flux of liquid through membranes prepared from block copolymers. However, it is evident that the mechanical properties of films less than a tenth of a micrometer thick are not sufficient to support significant applied pressure. Yang et al. 112 overcame this shortcoming by placing membranes prepared from PS-b-PMMA onto a conventional microfiltration membrane that has a broad pore size distribution ( Figure 13 ). This asymmetric supported membrane was found to have very high selectivity and flux for the separation of human rhinovirus type 14, which has a diameter of ϳ30 nm. This virus is a major pathogen of the common cold in humans. While separation is important for purifying strains of a given virus, these asymmetric mem- Block Copolymer Lithography: Merging "Bottom-Up" with "Top-Down" Processes branes can also be used to concentrate viruses for subsequent assay.
What Lies Ahead
While block copolymers have been studied for many years, it is only the convergence of a number of factors that has led to the present excitement surrounding their use as templates for sub-45-nm lithography. These factors include the industrial demand for a viable alternative to traditional photolithography, recent advances in polymer synthesis, and a growing understanding of the thin-film physics of these structures. Of particular importance is the fact that block copolymers can be directly implemented in existing lithographic processes without the need for the development of new tools or processes. Using the strategies discussed here, thin films of block copolymers represent a clear means of integrating "top-down" and "bottom-up" approaches and have the potential of markedly enhancing the density and speed of current devices well beyond the expectations set by Moore's law.
The use of these materials for magnetic and electronic storage applications is obvious and has already been described. However, a range of other applications can be envisaged for these versatile materials. For example, nanowires produced in a block copolymer scaffold can easily be envisioned as field-emission devices for display applications. Polyethylene oxide is currently used in solid battery applications, and thin films having PEO cylindrical microdomains complexed with lithium salts have potential use for battery applications. Addressable storage media, using copolymers with high degrees of lateral order, have the potential of storing 25 DVDs on a disk the size of a quarter. Patterned lines of nanodots or nanodot arrays have potential application as light guides for optical computing. Taking advantage of the high surface area of nanoscopic elements fabricated with copolymer templates can be used to great advantage in sensors where the sensitivity is markedly enhanced.
Diblock copolymers are the simplest of copolymers. The linear architecture of the chains places restraints on the curvature allowed at the interface. One can also modify the chain architecture to being comb-like or star-shaped. In both cases, the chain architecture further restrains interfacial curvature and can alter chain dynamics. Simply by adding one more chemically distinct block, making a triblock copolymer, expands the number of morphologies significantly. [113] [114] [115] [116] In thin films, the surface energies of the blocks, the segmental interactions of the blocks, and the volume fraction of components, all contribute to the formation of nested morphologies, including concentric cylindrical microdomains, cylindrical microdomains decorated with helices or ordered dots, and interwoven microdomains. Selectively filling these microdomains with conducting, magnetic, or insulating materials vastly expands the types of nano-structured materials accessible. We have only begun to tap into the large number of potential applications of block copolymers. These versatile materials will be an essential component in the fabrication of nanostructured materials with control over the placement of nanoscopic elements on multiple length scales that will meet the demands of emerging technologies.
